Auditory brainstem evoked potentials (ABEP) were recorded from 16 awake cats to obtain 3Channel Lissajous' Trajectories (3CLTs) using three orthogonal differential electrode configurations (nasion -midline nuchal ridge, left -right mastoids, vertexmidline under the mandible). Potentials, evoked by monaural 80 dBnHL (re. human threshold) clicks, were studied before, and up to 7 weeks after inducing neuronal lesions localized to the cochlear nucleus (CN) or the superior olivary complex (SOC), or myelin lesions local&d to the fibers of the trapezoid body connecting these two structures. Neuronai lesions were induced by injection of kainic acid (RA), while myelin lesions were induced by injection of L-alpha-~ysophosphatidylcholine (LPC). With CN neuronal lesions the major changes in 3CLT were in the time domain of 'b', 'c' and 'd' (components P2, . With SOC neuronal lesions the major changes were in 'c' and 'd' of 3CLT (P3 and P4 of ABEP). With trapezoid body lesions the major change was in 'c' (P3 of ABEP).
The results are compatible with the peripheral generation of the first ABEP components (Pla and Plb). The second component (PZ) is generated by ipsilateral CN neurones and their outputs. The third component (P3) is generated primarily by ipsilateraf SOC neurones and their outputs, with the ipsilateral CN providing input. The fourth component (P4) is generated bilaterally by the SOC neurones and their outputs, receiving their inputs from ipsilateral CN. The fifth ABEP component (PS) is generated by structures central to the SOCs and their immediate outputs.
Neither focal neuronal nor myelin lesions were sufficient to produce obliteration of any component, consistent with a set of generators for each of the ABEP components, consisting of both cell bodies and their output fibers, that is distributed spatially in the brainstem.
Auditory brainstem evoked potentials; 3CLT, Myelin lesions; Neuronal lesions; Cochlear nucleus; Superior olivary complex; Trapezoid body
Inception
The generators of surface recorded auditory and Starr, 1983a,b) . The three-channel Lissajous' trajectory (3CLT) of evoked potentials (Williston et al., 1981; Pratt et al., 1983) , affords a concise representation of the surface reflection of auditory brainstem activity, independent of electrode position relative to generators (Martin et al., 1987b) . In 3CLT each data point represents the simultaneous voltage values from three orthogonal electrode pairs, which can be considered isomorphic with the tip of a centrally located equivalent dipole moment, that changes magnitude and orientation over time (Pratt et al., 1983; Scherg, 1984) . 3CLT may provide insights for understanding the generation of auditory brainstem evoked potentials (Pratt et al., 1987; Gardi et al., 1987) .
Two types of neural processes have been proposed as generating ABEP: 1) Fiber tract discharges (Jewett and Williston, 1971; Nunez, 1981; Starr and Squires, 1982; Wada and Starr, 1983~; Legatt et al., 1986b; Rude& 1987; Ozdarnar and Delgado, 1990) at changing impedance boundaries (Nakanishi, 1982; Kimura et al., 1984) or at points of curvature (Deupree and Jewett, 1988) ; 2) neural synaptic events (Buchwald, 1983) . These suggestions have been based on indirect experimental evidence, or lesions which affect both fibers of passage and neurons (e.g., aspiration of brain structures, electrolytic lesions).
In this study we examined the effects of specific lesions to myelin (Hall and Gregson, 1971; Gregson and Hall, 1973; Hall, 1983) or cell bodies (Coyle et al., 1978) induced by injection of L-alpha-lysophosphatidyl-choline (LPC) or kainic acid (KA), respectively, to the cochlear nucleus (CN) or superior olivary complex (SOC) of cats. In order to avoid the complications introduced by position of the recording electrodes, the effects of these lesions on 3CLTs, rather than single-channel records, of ABEP were analyzed.
Methods
Normative data were obtained from 16 adult cats (25~-3~ g); five of which were subsequently injected with LPC to the left trapezoid body in the vicinity of SOC, five were injected with KA into the left CN, and five with KA into the left SOC. In addition to these unilateral lesions, one cat was injected with KA to the SOC, bilaterally. Prior to each recording session, cats were otoscopically examined to rule out conductive hearing loss due to mites or ear infections.
In order to avoid possible effects of anaesthesia and body temperature changes, potentials were recorded with the cat awake in a restraining bag. Subdermal needle electrodes were arranged in 3 differential derivations ( Fig. 1 ): over frontal sinus -back of the neck (labeled ' X'), left-right mastoids (labeled 'Y') and vertex -mid-line under the mandible (labeled 'Z'). The 'x' derivation was not precisely at right angles to the 'Y' and 'Z' channels and the data were subsequently adjusted mathematically to correct for this discrepancy. A grounding screw was placed in the left frontal sinus with its head inverted through a small key hole. The interelectrode impedance was measured with a sine-wave impedance meter and verified to be 5 kQ or less. Potentials from each of the 3 channels were differentially amplified ( X 100 000) at a band pass of 30-30OOHz (-3 dB points, 6 dB/octave slopes). The amplified potentials were averaged (12 bit analog-to-digital converter) using 512 addresses and a dwell time of 20 ps per point per channel. When cats were relaxed the amplified potentials spanned 50% of the analog-to-digital converter's range. Sweeps that included potentials that approached the full range were not included in the average. Stimuli were clicks generated by transducing 100 ps square electric pulses in Sony MDR-E225 dynamic earphones positioned to be just outside the external auditory meatus. Clicks were pre-sented to each ear in turn. Potentials following 4000, 80 dB nHL (re. normal human threshold, 115 dB impulse SPL), condensation clicks presented at a rate of 10.6/s were averaged to produce each trace. The averaged 3-channel data were magnetically stored for further analysis. Details of the surgical and lesion induction procedures were provided elsewhere (Zaaroor and Starr, 1991a,b) . In brief, a microelectrode, both for recording potentials at its tip and for transmitting KA or LPC into the brainstem, was filled with a 1% solution of the appropriate substance (KA or LPC), and lowered into the structure to be lesioned.
Position of the electrode tip, during surgery, was determined visually through the operating microscope, as well as electrophysiologically. KA, or LPC, was injected over 30 min to attain a total volume of 0.5 ~1 for KA and up to 14 1.11 for LPC. Both acute and chronic effects of the lesions were studied by repeat ABEP recordings up to 45 days after lesion induction.
At the end of the experimental sessions the animal was deeply anesthetized with sodium pentobarbital (100 mg/kg) and perfused with normal saline followed by 10% buffered formalin. Frozen sections of the brainstem, were cut and stained with crystal violet for cell bodies and with Kluver Barrera stain or Chromoxane Cyanine R with crystal violet for myelin. The extent of neuronal loss (in KA lesions), or myelin loss (with LPC lesions), was defined, with the aid of a camera lucida, by calculating the area of the lesion on both the injected and intact side of the brainstem. Up to three fields in each subdivision of the SOC or CN were examined, and these numbers were averaged across sections. The identity of the cat was known to the person performing the histology (M.Z.). However, 3CLT analysis was performed by another person (N.B.) without knowledge of the extent of lesion, using a machine-scoring algorithm which is free of experimenter's bias. Details of the 3CLT analysis are provided in Appendix 1. In brief, following digital filtering (Finite Impulse Response filter, Urbach and Pratt, 1986) to a bandpass of 100-3000 Hz and mathematical adjustment of the 'X' channel data to orthogonality with the 'Y' and 'Z' channels' data, 3CLTs were obtained and analyzed. Analysis related to point-by-point (local) attributes of the trajectory, as well as segmental (global) attributes. Points where both the local rate of bending of the trajectory in voltage space and the distance from the origin (trajectory amplitude) were locally maximal were defined as apices. Sequences of points along the trajectory whose root-mean-square distance from a best-fitting plane was under 0.1 PV were defined as planar segments. Intersubject variability of planar segment (or apex) orientation was calculated in terms of the average angles ('included angles') by which individual planar segment (or apex) orientations deviated from the average orientation.
Data analysis
The 3CLT measures used in this study were apex latency, amplitude and orientation, as well as planar segment onset latency, duration and orientation. Amplitude of a component is proportional to the number of synchronously firing neural elements in its generator. It is therefore reasonable to assume that decreasing the number of neural elements (neurones or fibers) in a generator, by a lesion, would result in a proportional decrease in amplitude.
Similarly, latency is expected to be prolonged by lesions as a result of either longer rise times in synaptic potentials resulting from decreasing number of presynaptic neurones or delayed conduction along demyelinated fibers. This rationale is basic to the wide spread clinical utility of evoked potentials amplitudes and latencies. In this study, statistical evaluation included multiple regression analyses, where the dependent variable was the 3CLT descriptor studied (apex latency or amplitude, planar segment onset latency or duration) and the independent variables -time since lesion induction and the extent of lesion in the right and left anterior ventral cochlear nucleus (AVCN), posterior ventral cochlear nucleus (PVC-N), dorsal cochlear nucleus (DCN), medial nucleus of the trapezoid body (MNTB), lateral superior olivary nucleus (LSO) and medial superior olivary nucleus (MSO).
Regressions that proved significant by ANOVA (P < 0.05 for slopes of 0), and which also included a significant time-since-lesion coefficient were considered indicative of effects of the lesioned structure (as opposed to acute, non-specific effects of surgery such as edema). Because time-since-le-sion and the extents of lesions were independent and 7 days after lesion induction. Because multivariables, the combined significance level achieved ple f-tests were performed (9 components X 4 with this criterion was 0.0025, compensating for 3CLT measures), with the Bonferroni correction, the multiple regression analyses performed (9 only probabilities that were lower than 0.001 were components x 4 3CLT measures). In another analconsidered significant, and lower than 0.009, ysis, a paired t-test procedure was used to commarginally significant. Pre-vs. post-lesion changes pare 3CLT measures (apex latency or amplitude, in apex or planar segment orientations were conplanar segment onset latency or duration) before sidered significant if larger than the 90% limits of the pre-lesion orientation variability, which being two tailed, corresponds to beyond the mean rt 2 SD limits in normally distributed variables.
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Results
The variability of single-channel records, as well as 3CLTs, across cats was remarkably small. Comparing waveforms or 3CLTs averaged across all cats, with those averaged across subsets of the cat population, or with data from individual cats showed very little differences (e.g., compare 
Pre-lesion
The ABEP of the cat consists of 5 major peaks -labelled '1' to '5, best seen in the '2' channel records. Peak '1' can be subdivided into two subpeaks 'la' and 'lb'. The 3CLT of ABEP averaged across all cats (N = 15) is presented in Fig. 2 , with the 'X', 'Y' and '2' records. The 3CLT included 5 loops ('a' to 'e'), which corresponded in their time domains to the 5 peaks in the '2' channel. When more than one plane was identified in a loop, the planes were given numerical descriptors, in the order of their appearance (e.g. 'cl', '~2' etc.). The normative, pre-lesion, 3CLT measures analyzed in this study are listed in Table I for apex attributes and in Table II from 50' (average 38') for 'cl' to 82" (average 44") for 'a3'. Deviations beyond these (LOV) values will be considered significant.
Neuronal lesions
The effects of neuronal destruction of the left CN on 3CLTs averaged across cats are shown in Fig. 3 . There were marked changes when stimulation was ipsilateral to the lesioned side consisting of the absence of loop 'b', a change in shape of 'c', while the other components, 'd' and 'e', were preserved. Apex latencies were practically identical bilaterally. In the '2' record to ipsilateral stimulation, peaks la, lb, 4 and 5 are essentially unaffected while the interposed peaks 2 and 3 are markedly attenuated. The data from the cat with a near total destruction of the left CN (cat 21) is presented in Fig. 4 . 3CLT following the lesion showed substantial prolongation of apex latencies beginning with 'b', marked attenuation and orientation changes of ' b' and 'c', and relative preservation of 'a' and 'd'.
The effect of neuronal lesions to the left superior olive on 3CLT to contralateral and ipsilateral stimulation, averaged across cats, is shown in Fig.  5 . There is a decrease in apex amplitudes of 'd relative to 'c', with ipsilateral stimulation compared to contralateral stimulation. This effect is parallelled by the relative ampiitude changes in peaks 3 and 4 of the respective "Z' channel records. Apex latencies were not affected by these lesions.
In one cat (cat 20), the neurones of the superior olivary complex were bilaterally destroyed. This lesion resulted in changes (Fig. 6 ) in apex orientation of 'a' and 'b', and apex amplitude reductions of 'c' and 'd', corresponding to the attenuation of peaks 3 and 4 in the 'Z' channel record.
Myelin lesirrns
3CLTs to stimulation of the ear ipsi-and contralateral to myelin lesion of the trapezoid body in the vicinity of the left superior olive revealed only a minor orientational change of 'c' to ipsilateral stimulation without a corresponding change in the 'Z' channel record (Fig. 7) . Apex latencies were not affected. of 'b', the shape change in 'c' and the relative preservation of the other components. Apex latencies (AP.LAT) were the same for both records.
Data from all three types of lesions were
The effects of the extent of lesions on the analyzed for significant apex orientation changes, apices and planes were evaluated by multiple reexpressed as the ratio between cats with a signifigression analysis. Table V summarizes the significant (beyond the 90% pre-lesion variability) change cant effects and their directions (increase or deand the total number of cats with that type of crease). In general, with the exception of one lesion (Table III) . The apex orientations of 'a2', planar measure (LATp), only apical measures 'bl' and 'cl' were affected by the lesions in the (noted by 'a') were sensitive to lesions. Significant majority of the cats. No correlation between exeffects of lesions resulted in latency increases (with tent of lesion at the various subdivisions of each only one exception), while effects on amplitudes structure (Table IV) and the amount of orientavaried, depending on the lesioned structure: tional changes could be established. No significant MNTB lesions resulted in apex amplitude dechanges in planar segment orientations were obcrease, while MS0 and LSO lesions resulted in served following lesions. apex amplitude increases. There were significant post-vs. pre-lesion diftralateral lesions in producing changes. In contrast ferences in 3CLT apex measures (Table VI) . Ipsito the numerous effects on apical measures listed lateral lesions were more effective than conin Table VI , only the onset latency of planar Incidence is given as the number of cats with significant orientational change out of the total number of cats with this type of lesion. Peaks in the 'Z' channel are placed under the 3CLT components corresponding in latency. CN -lesion to cochlear nucleus; SOC -lesion to superior olivary complex. segment 'd' was significantly delayed following neuronal lesions to CN or SOC, and onset latency and duration of planar segment 'e' increased as a result of myelin lesions to SOC.
Discussion
The results of this study of 3CLT of the cat auditory brainstem evoked potentials showed that all apex measures of many components were sensitive to both neuronal and myelin lesions. There were orientational changes, latency increases, and amplitude changes which varied, depending on the lesioned structure.
In contrast, only the onset latency of planar segment 'd' and the onset latency and duration of planar segment 'e' changed significantly following lesions. The difference in sensitivity to brainstem lesions between apical and planar measures suggests that apex measures are more directly related to the functional integrity of ABEP generators. The finding that myelin lesions of trapezoid body affected only planar attributes may be related to the suggestion that planar segments are generated by curving fiber tracts (Pratt et al., 1987; Chimento et al., 1987 With CN lesions, the earliest changes in 3CLT included orientation change of 'a2' (3 out of 5 animals) and latency increase of 'a3' that correlated with the extent of lesions of both the PVCN and the LSO. Components 'a2' and 'a3' are equiv-* There are several methodological differences between the present study and that of Martin et al. (1987a) which could account for minor differences in normative results. The present machine-scoring procedure, using strict rules for apex and plane definition, defined 9 apices and associated planes, as compared to 12 in the manually defined components of Martin et al. (1987a) . In order to compare homologous components between the two studies, differences in methodofogy need to be outlined. In the present study condensation clicks presented directly to the ear canal at 115 dB impulse SPL were used, compared to rarefaction clicks. presented through an earbar at 70 dB impulse SPL. Another source of difference between studies may be the recording highpass. Martin et al. used analog filters with a high-pass of 10 Hz whereas in our study the waveforms were digitally filtered with a high-pass of 100 Hz. This difference would particulariy affect the later components, which temporally overlap the slow 'pedestal'. Comparing stimulus waveforms and timing, taking the intensity differences into account and accounting for possible effects of recording passbands on the later components, the latencies in the present study can be expected to be shorter by 0.2-0.5 ms compared to Martin et al.'s results. Thus, the present 'al' component has no corresponding component in Martin et al.'s report, while their components 'cl', '~2'. 'dl' and 'd4' have no corresponding components in the present study. Otherwise, this study's components 'a2', 'a3', 'bl', ' bZ', 'cl', 'c2', 'd' and 'e' correspond to Martin et al.'s components 'al', 'a2'. ' bl', ' b2', 'c3', '~4, 'd2' and 'd3'. This interpretation is supported by the larger orientation variabilities of segments 'cl', '~2'. 'dl' and 'd4' (which have no counterparts in our study), relative to the other segments of that study (which did correspond to our segments). alent to peaks la and lb in the 'Z' channel and reflect activity of the VIII nerve (Starr and Zaaroor, 1990) . Changes in their 3CLT measures may result from chronic central auditory pathway lesions affecting the excitability of the VIII nerve. Such an effect could result from changes either in efferent activity to the cochlea that originates in the SOC, or changes in the excitability of VIII nerve fibers due to a loss of their terminal sites in CN (Von Monakow, 1914) .
Component 'bl', corresponding to P2 in the '2; channel ABEP, to ipsilateral stimulation had a change in apical orientation (3 of 5 cats with both CN and SOC neuronal lesions) and an amplitude reduction and latency increase with CN neuronal lesions. These results are compatible with CN neurones and their outputs as the major contributors to 'b'. The orientation changes of bl with SOC neuronal lesions indicate that this structure also participates to a minor degree in the generation of this component.
Component 'cl', corresponding to P3 of the "2;' channel ABEP, to stimulation of the ipsilateral ear, had changes in orientation with CN (4 of 5 cats) and SOC (3 of 5 cats) neuronal lesions. Compared to pre-lesion records, its amplitude decreased and latency increased with CN lesions whereas with SOC lesions these measures were not affected (Table VI) . The lack of change of amplitude with SOC lesions can probably be attributed to the finding that the amplitude of 'cl' changed in opposite directions depending on the specific subnucleus of the SOC affected. Thus, 'cl' amplitude increased with the extent of the lesion of LSO and decreased with the extent of the lesion of MNTB (Table V) . These results indicate that the ipsilateral MNTB and the LSO interact as the major contributors to this component and that ipsilateral CN provides their input.
Component 'd', corresponding to P4 of the "Z' channel ABEP, showed an amplitude decrease with ipsilateral SOC neuronal lesions and both an amplitude decrease and a latency increase to ipsilateral CN neuronal lesions (Table VI) . 'd' amplitude increased with the extent of lesion of both ipsilateral and contralateral MSO, of ipsilateral LSO, and decreased with the extent of lesion of the ipsi-and contralateral MNTB ( Table V) Component 'e', corresponding to P5 of the '2' channel ABEP, was not affected by any of the neuronal lesions. The onset latency of it's planar segment was paradoxically decreased with the extent of myelin lesions in the vicinity of the ipsilateral MNTB and increased with myelin lesions in the vicinity of the MS0 (Table v) . The generators for this component are probably central to the trapezoid body and receive a diversity of inputs that travel in this fiber bundle.
The results of this study complement those of companion studies (Zaaroor and Starr, in press a, b) which analyzed a single-channel record (vertex -frontal sinus) from these same cats with neuronal lesions. Disagreements between the singlechannel studies and the present study are few and revolve around the finding of a di~nished amplitude in the single-channel record without an amplitude change in 3CLT. This discrepancy could result from changes in the equivalent dipole moment's orientation relative to the recording electrodes, and not necessarily from a reduction in total activity in the generator. decrease in Pla amplitude in single-channel records (Zaaroor and Starr, in press b) while the present study only found an orientational change in 'a2' without amplitude reduction. The 3CLT results in the present study implicated MS0 in the generation of 'd', both to ipsi and to contralateral stimulation, while the single-channel results did not. This difference may be a consequence of the different statistics used in the two studies. The single-channel study used linear regression analysis in which the extent of lesion to each nucleus was separately correlated with its effect on ABEP, while the present study used multiple regression analysis studying the effects of lesions to all structures in the same regression. In addition, the differences between studies may result from the sensitivity of 3CLT to the activity of generators with different orientations.
The unexpected findings of amplitude decrements and latency increases of P2, P3 and P4 in single-channel records to stimulation of the ear contralateral to a neuronal CN lesion were not all confirmed in the present study. 3CLT to contralateral stimulation showed only '~2' to be delayed and 'd' to be reduced in amplitude. Such discrepancies between 3CLT and single-channel analyses of ABEP following brainstem lesions have also been noted with midsaggital sections of the brainstem (Gardi et al., 1987) .
The limited effects of myelin lesions on 3CLT components probably reflect the restricted spatial extent of the demyelination (Table IV) to the zone around the injected sites. The lesion never involved a significant portion of the fibers in the trapezoid body. In contrast, the neuronal lesions to CN and SOC were quite extensive in some animals. The failure to obliterate any of the components with neuronal lesions may reflect the bias of averaging the data together from all of the animals. Alternatively the generators of these components are complex, involving both neurones and fibers distributed spatially in the brainstem. Significant (P < 0.001) decreases are marked by --, marginally significant (P < 0.009) increases by + , and decreases by -. while nonsignificance is indicated by an empty cell. Peaks in the 'Z' channel are placed under the 3CLT components corresponding in latency. CN -lesion to cochlear nucleus; SOC -lesion to the superior olivary complex; AMP -apex amplitude;
LAT -apex latency.
This work was supported in part by NIH Grant No. 11876. average orientation of planar segments, across subjects, cannot be calculated by averaging the individual cosines. In order to calculate the average orientation of planar segments, the coordinates of the 'sight vector' intersection with each best-fit plane were determined for each subject. The 'X', 'Y' and 'Z' coordinates, as well as the 'sight vector' length (D), which are all linear, were each averaged across subjects. The average orientation of the 'sight vector' was calculated by dividing the average ' x', ' Y' and ' Z' coordinates of 'sight vector' intersection with the plane, by the average length (D) of the 'sight vector'. These divisions produced the 'A', 'B' and 'C' values, respectively, of the average orientation of each planar segment. Intersubject variability of planar segment o~entation was calculated in terms of angles ('included angles') by which individual planar segments deviated from the group average orientation.
For each planar segment, a cone in voltage space within which 90% of individual prelesion orientations fell was determined, and was defined as the limit of normal orientation variability. Apex orientations were similarly analyzed, based on the apex's 'x', 'Y' and 'Z' coordinates and the trajectory amplitude of the apex (distance from origin at the apex).
